The dacitic pyroclastic flow deposit (1990)(1991)(1992)(1993)(1994)(1995) of the Unzen volcano, Japan, contained 1.0-1.6 g P2O5 kg-1 of total phosphorus (P). Apatite, a major chemical form of P in the pyroclastic flow deposit, was found as discrete particles and inclusions in various minerals. The dissolution of P from apatite was dependent on pH and chelating organic acids similarly to those in other fresh tephras. However, the ratio of the dilute H2SO4-soluble or plant-available P to the total P content was lower in the Unzen pyroclastic flow deposit than in the fresh volcanic ash deposits because of the coarse particle size. Among the tested plants, buckwheat grew best and went to seed without a P fertilizer due to partial dissolution of apatite at a soil pH around 4.
INTRODUCTION
The average total phosphorus (P) content of igneous rocks is greater than that of sedimentary rocks 1. Tephra is an unconsolidated igneous rock and apatite particles, a major P-bearing mineral in rhyolite and andesite tephras, are exposed outside more frequently than those in consolidated igneous rocks. Apatite plays an important role in natural revegetation of tephra-affected lands or in agricultural lands where chemical P fertilizer is not used. countermeasures with natural nutrient recycling process. P is one of the major plant nutrients contained in tephras. However, the P in tephras is not easily available to plants due to its sparingly soluble nature. Thus, the selection of plants is also important to utilize P in tephras. The objective of the present study was to evaluate the P content, the form of P, and plant ability to utilize P in the Unzen new PFD.
EXPERIMENTAL
The Unzen new PFD was collected twice at Taruki Heights located on the northeastern side of the Unzen lava dome, and the properties of these PFDs were almost the same. The The total P-content of the PFDs was obtained after HF digestion. A plant-available P content was evaluated by the Truog method (Truog P) in which 1 g of sample was extracted with 200 mL of 1 mM H2SO4 containing 3 g of (NH4)2SO4 per 1 L for 30 minutes at room temperature. P in solution was determined by a colorimetric method 6 throughout this study.
The Truog P is used to estimate the plant-available P level in agricultural lands in Japan, although apatite, extractable by this method, is not necessarily available for all crops. In order to examine the relationship between particle size and extractable P content by the Truog method, PFD [A] was fractionated by particle size using 2, 0.2, 0.05 and 0.02 mm mesh sieves. The clay fraction, less than 0.002 mm, was separated from the fraction of 0.02 mm or less by the sedimentation method. The particle size fractions of 5 to 0.2 mm were ground to less than 0.05 mm using an agate mortar, and the Truog P-content was determined.
Heavy minerals (high-Ap fraction) were separated from the particle-size fractions of 0.2-0.05 mm using a heavy liquid, acetone: tetrabromoethane =1:12.5 by volume and having a specific gravity of 2.8.
Scanning electron microscope (SEM) observation was conducted on the fractions with a particle size of 0.2-0.05 mm using a HITACHI S4200 operated at 15 kV. The sample particles were held by double-sided adhesive tape on an aluminum sample holder and were coated with vacuum-evaporated carbon. Energy dispersive X-ray (EDX) analysis was carried out using a Kevex X-ray microprobe equipped with an SEM. The total P content of the former was slightly lower than the latter. The low Truog P is possibly due to the coarser particle size distribution of the Unzen new PFD than the 1991 lahar deposit of Mt. Pinatubo. Thus, low availability of P in the Unzen new PFD for plants was suggested from the P extraction analysis.
The Truog P content increased with decreasing particle size as shown in FIGURE 1.
This was due to an increase in the possibility for apatite to be exposed on the mineral grain surface. This is confirmed by the fact that Truog P value increased with grinding of 5-2 mm and 2-0.2 mm fractions to a particle size of 0.05 or smaller as shown in the FIGURE 1.
The P-bearing mineral in the Unzen new PFD was fluorapatite as in other tephras.
Several P-bearing minerals were found in the P element map of PFD [A] in FIGURE 2, and all of these were also rich in Ca as shown in the Ca element map. The EDX spectra of the selected areas, a, b and c, in the FIGURE 2 showed that these minerals included Ca, P, and F as major elements and a small amount of Cl. The atomic Ca/P ratio was close to that for apatite indicating that these minerals are apatite. The results are similar to those obtained for apatite in Pinatubo (1991), Usu (1977), Towada a, Komagatake a and Tarumae a tephras 9,10.
Dissolution of apatite increased with the increasing amount of acid added or the decreasing final pH value in the dilute HCl-NaOH solution as shown by thin lines in FIGURE 3. Dissolution of apatite is also highly pH-dependent in the citrate (FIGURE 3 (ii)) and tartrate (FIGURE 3 (iii)) solutions. The amounts of P dissolved increased in many cases with 0.1-10 mmol L-1 of these organic acids in the pH range between 3.5 and 7 compared to those in dilute HCl-NaOH solution possibly due to the chelate formation with Ca2+. The increase in the amount of P dissolved from the apatite tended to be larger in the citrate treatment than in the tartrate treatment. In the case of citrate treatment, an increase in P dissolution in the pH range between 5 and 6.5 was evident up to a citrate concentration of 0.5 mmol L-1. Further increase in P dissolution was small in the citrate concentration range between 0.5 and 10 mmol L-1 and over the wide pH range between 3 and 7.
However, the relationships between final pH value and the amount of P dissolved with oxalate treatment were different from the others. The amount of P dissolved in the 10 mmol L-1 oxalate, in the final pH ranging between 3 and 4 was much smaller than those treated with dilute HCl (FIGURE 3 (i) ). When the final pH was about 3, the amount of P dissolved was only one third of that dissolved with HCl treatment at a similar pH. This result was consistent with those obtained for Florida apatite and Makatea apatite11 and apatite in the Pinatubo volcanic ash 12, and was due to Ca-oxalate coating on the apatite surface.
SEM-EDX analysis suggests the formation of a Ca oxalate coating on the surface of the apatite with the 10-mmol L-1 oxalate treatment of the Unzen new PFD. FIGURES 4 (i) and
(ii) show an SEM image of apaite inclusion, and the selected area indicated by the box a is mostly fluorapatite as shown by the EDX spectrum of FIGURE 4 (iv a). The peak intensity ratio of P/Ca is close to that of apatite. The area of apatite inclusion is indicated in the P element map of FIGURE 4 (ii) where the white areas show a high P concentration. The FIGURE 5 Relationship between P uptake of the plot without P fertilizer (-P plot) and dry weight ratio of -P plot to P-applied plot (+P plot) (i) and that between soil pH after cultivation and P uptake of -P plot (ii). Fe: Fagopyrum esculentum Moench, Ca: Cicer arietinum L., Cc: Cajanus cajan (L.) Millsp., Ec: Eragrostis curvula Nees, and Br: Brassica rapa nothovar. Open and closed symbols show NO3-and NH4-rich nutrient solutions, respectively. P uptake and soil pH values are the means of triplicates with standard deviation. Dry weight ratio was calculated using the means of triplication. Fe and Cc cultivation using ammonium was repeated 5 and 3 times, respectively, in different growing seasons, and the means with standard deviation covering all of these repetions were plotted in both graphs.
the buckwheat shoot (FIGURE 5) was more than that incorporated in the pot as seeds because a buckwheat seed contained 0.35 mgP2O5 and the nubmer of seeds planted was 10 or less. Content of N, K, Ca and Mg in plants were in the ordinary range.
Buckwheat showed a high dry weight ratio with the NH4-rich nutrient solution. The effect of the N form on the dry weight ratio was suggested to be weak in chickpea and pigeonpea plots. A higher dry weight ratio was obtained with the NH4-rich nutrient solution compared to NO3-rich nutrient solution. The P uptake in the -P plot tended to increase with the decreasing final soil pH (FIGURE 5 (ii)). Final soil pH values in the plots with the NH4-rich nutrient solution were lower than those with the NO3-rich nutrient solution. As shown in FIGURE 3, apatite dissolution steeply increases in the pH range lower than 5. The final soil pH in the buckwheat plot with the NH4-rich nutrient solution was about 4.2. Thus, the low pH of this plot was the major reason for the high P uptake and the high dry weight ratio.
According to the dissolution characteristics of apatite shown in FIGURE 3, low pH or chelate formation is effective in increasing P dissolution. In order to identify the factor of high P uptake and the high dry weight ratio of buckwheat, a cultivation experiment was designed using the high-Ap fraction in order to examine the interaction between the buckwheat roots and apatite particles if possible. As shown in FIGURE 6 (i), the solution pH value in the plots with the NH4-rich nutrient was lowered to about 4 at 3 weeks after 
